Purpose: To investigate the long non-coding RNAs (lncRNAs) profile on renal ischemia reperfusion in a mouse model. Methods: Microarray analysis was used to study the expression of misregulated lncRNA in a mouse model of renal ischemia reperfusion(I/R) with long ischemia time. Quantitative real-time PCR (qPCR) was used to verify the expression of selected lncRNAs and mRNAs.The potential functions of the lncRNA was analyzed by bioinformatics tools and databases. Results: Kidney function was impaired in I/R group compared to the normal group. Analysis showed that a total of 2267 lncRNAs and 2341 messenger RNAs (mRNAs) were significantly expressed in I/R group (≥2.0-fold, p < 0.05).The qPCR result showed that lncRNAs and mRNAs expression were consistent with the microarray analysis. The co-expression network profile analysis based on five validated lncRNAs and 203 interacted mRNAs showed it existed a total of 208 nodes and 333 connections. The GO and KEEG pathway analysis results showed that multiple lncRNAs are involved the mechanism of I/R. Conclusion: Multiple lncRNAs are involved in the mechanism of I/R.These analysis results will help us to further understand the mechanism of I/R and promote the new methods targeted at lncRNA to improve I/R injury.
■ Introduction
Occurrence of renal ischemiareperfusion (I/R) injury affects the outcome of kidney transplantation, which has a direct relationship with the survival of the recipient. The delayed graft function (DGF) rate of kidney transplantation from donation after cardiac death (DCD) reached up to 40-70% and was significantly higher than that from brain death donors and living donors 1 . The main factor responsible for this difference was the prolonged warm ischemic time 2 . The I/R injury mechanisms in DCD kidney transplantation are multifactorial and may include oxidative stress, mitochondrial Ca2
+ overload, inflammation, cell apoptosis, necrosis, loss of cell polarity, dedifferentiation and proliferation of viable cells, and disruption of the generation of free radicals. Long non-coding RNAs (lncRNAs) are typically longer than 200 nucleotides. It has been demonstrated that lncRNAs exert comprehensive effects on biological processes, such as transcription, translation, splicing, and intracellular and extracellular trafficking, and are associated with numerous diseases 3 . lncRNAs can interact with proteins, DNAs, and RNAs and regulate gene expression at various levels, including epigenetic, transcriptional, and post-transcriptional regulation 4 . However, the possible role of lncRNAs in I/R injury has not received much attention.
Therefore, in this study, we used microarray analysis to analyze the lncRNA and mRNA expression differences in I/R model.The selected lncRNA and mRNA were verified by q-PCR. Gene Ontology(GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed to predict possible biological processes and potential signal pathways. In addition, co-expression network of lncRNA-mRNA was clarified by coding/noncoding gene co-expression (CNC) analysis. vena cava and centrifuged to determine the concentration of creatinine (Cr). The Cr was measured in the blood using standard techniques with an Olympus AU 2700 Analyzer (Olympus Optical Co., Ltd., Tokyo, Japan).
After a 24 h reperfusion, the left kidney was excised. Then, the kidney tissue was fixed with 10% phosphate-buffered formalin, paraffin embedded, and sectioned to a thickness of 4 mm according to a standard procedure. Sections were deparaffinized and gradually hydrated before they were examined by hematoxylin and eosin (HE) staining. Morphological assessments were performed by an experienced renal pathologist who had not been informed of the experimental protocol.
Microarray analysis
Gene microarray analysis was performed on 5 pairs of kidney tissues from I/R group and normal group to detect differentially expressed lncRNA and mRNA. Approximately 35,923 lncRNAs and 24,881 coding transcripts were detected by the Arraystar Mouse LncRNA Microarray V3. The tissue preparations and microarray hybridization were performed using the Agilent Gene Expression Hybridization Kit (Agilent Technology Inc., USA). Then, the arrays were scanned using the Agilent Microarray Scanner and were finally analyzed using the Agilent Feature Extraction software. Differentially expressed transcripts were identified by foldchange screening at a threshold of ≥2-fold and a p-value of <0.05 5 . Pathway analysis was used to study the significant signaling pathways of the differentially expressed genes. GO analysis was used to explore the biological roles of the aberrantly expressed mRNAs, which included to three domains-molecular function, biological process, and cellular component.
qRT-PCR validation
The kidney tissue collected for lncRNA microarray analysis were used for quantitative real-time polymerase chain reaction (qRT-PCR) validation.According to the instructions of the product, SuperScript III reverse transcriptase(Invitrogen, Grand Island, NY, USA) is used to reverse transcribe the total RNA into cDNA. The qRT-PCR was performed with the Applied Biosystems ViiA 7 RT PCR System and 2× PCR Master Mix. The PCR conditions consisted of: incubation at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. The relative expression levels of lncRNAs were calculated using the 2 −ΔΔCt method and were normalized against β-actin. The primers for each gene are listed in Table 1 . The data represent the means of three experiments. 
GO annotations and KEGG analysis
We conducted a GO analysis to construct a meaningful annotation of genes and gene products. The ontology covers the domains of biological processes, cellular components, and molecular functions. The −log10 (p-value) denotes enrichment score representing the significance of GO term enrichment among differentially expressed genes. Pathway analysis was performed to explore the significant pathways in differentially regulated gene profiles according to KEGG. Also, the − log10 (p-value) denotes an enrichment score showing the significance of the pathway correlations.
Construction of a co-expression network with GO and KEGG analysis
In order to identify the interaction between differentially expressed lncRNA and mRNA, we constructed the co-expression network with the verified lncRNA and related mRNA on the basis of correlation analysis. Cytoscape software was applied into construct the network between lncRNA and mRNA, while the pearson's correlation coefficients should not less that 0.992. In the figure of CNC, mRNAs were represented by a red node, while lncRNAs were represented by a green node.
Statistical analyses
Statistical analyses were performed using Graphpad Prism 5.0 (San Diego, CA, USA). Results were expressed as mean ± standard error of the mean. The t-test was used to analyze the differences between the normal control and I/R group data in this study. Spearman's correlation analysis was used to detect the relationship between lncRNAs and mRNAs.A p-value of <0.05 and a fractional disappearance rate of <0.05 were used as thresholds to define markedly enriched GO terms/pathways.
■ Results

Kidney function test and HE stain
Compared with the normal control group, we observed increased levels of serum creatine in I/R group. HE staining of the kidney tissues showed that renal tubular cells in I/R group presented I/R injury features, including tubular necrosis, renal tubular expansion, and renal tubular epithelial cellular microvilli disappearance ( Fig. 1 ). 
lncRNA and mRNA expression analysis in renal I/R injury
To explore the difference in the expression of lncRNA and mRNA in I/R model, microarray analysis was used to assess the expression levels. We identified 2267 significantly dysregulated lncRNAs in the I/R mice, while 1180 were upregulated, while 1087 were downregulated (≥2.0-fold, p < 0.05). Table 2 presents the 50 most significantly differentially expressed lncRNAs. SeqID: lncRNA name. P value:P value calculated from unpaired t-test. Fold Change: the absolute ratio (no log scale) of normalized intensities between two groups (IR vs Control). Chr: chromosome no. which lncRNA is transcribed. Strand: the strand of chromosome which lncRNA is transcribed; '+' is sense strand of chromosome, '−' is antisense strand of chromosome. Relationship: sense exon overlap^: the LncRNA's exon is overlapping a coding transcript exon on the same genomic strand; sense intron overlap^: the LncRNA is overlapping the intron of a coding transcript on the same genomic strand; antisense_exon_overlap^: the LncRNA is transcribed from the antisense strand and overlapping with a coding transcript; antisense_intron_overlap^: the LncRNA is transcribed from the antisense strand without sharing overlapping exons;"bidirection^: the LncRNA is oriented head to head to a coding transcript within 1000 bp; intergenic^: there are no coding transcripts within 30 kb of the LncRNA; others^: means other LncRNAs. GeneSymbol: lncRNA gene symbol.
Heat map and hierarchical clustering of the 50 most significantly differentially expressed lncRNAs expression patterns in different samples (Fig. 2a) . All the variation in lncRNA expression between the I/R and normal control groups is shown using a scatter plot (Fig. 3a) . At the same time, 2341 significantly dysregulated mRNAs were identified in the I/R group, while1166 were upregulated, while 1175 were downregulated (≥2.0-fold, p<0.05). Table 3 presents the 50 most significantly differentially expressed mRNAs. Heat map and hierarchical clustering of the 50 most significantly differentially expressed mRNA expression patterns in different samples (Fig.  2b) . All the variation in mRNA expression between the I/R and control groups is shown using a scatter plot (Fig. 3b) . GeneSymbol: mRNA gene symbol.P value:P value calculated from unpaired t-test. Fold Change: the absolute ratio (no log scale) of normalized intensities between two groups(IR vs Control). SeqID: mRNA name.Chr: chromosome no. which lncRNA is transcribed. Strand: the strand of chromosome which lncRNA is transcribed; '+' is sense strand of chromosome, '−' is antisense strand of chromosome. 
Validation of the microarray data using qRT-PCR
To validate the result of mRNA and lncRNA from microarray analysis, we performed the qRT-PCR assay.Ten mRNA and lncRNA were randomly selected to perform the qRT-PCR.The results showed that the expressions of lncRNA ENSMUST00000124572, ENSMUST00000180989, ENSMUST00000147219, ENSMUST00000097928, uc007mos1 and ENSMUST00000169128 were upregulated, whereas those of ENSMUST00000145410, NR_040589, ENSMUST00000139773, and AK078749 were downregulated (Fig. 4) . Meanwhile, when compared with the control group, three target mRNAs (NM_028746, NM_013913, and NM_025684)were found to be downregulated in the I/R group, whereas NM_020013 and NM_009114 were upregulated (Fig. 4) . These results are consistent with those of the microarray analysis (Fig. 4) , thereby confirming the validity of the microarray results. The finding provides compelling evidence that these lncRNAs and mRNAs could be implicated in the pathogenesis of renal I/R injury. The data show that expression levels of lncRNAs ENSMUST00000145410, NR_040589, ENSMUST00000139773, NM_025684, and AK078749, along with mRNAs NM_028746 and NM_013913 were downregulated, while expression levels of lncRNAs ENSMUST00000124572, ENSMUST00000180989, ENSMUST00000147219, ENSMUST00000097928, ENSMUST00000169128, uc007 mos.1, and mRNAs NM_020013 and NM_009114 were upregulated in kidney tissue samples from I/R mouses when compared with the control mouses. The heights of the columns in the chart represent fold changes. The qRT-PCR results were consistent with the microarray data.
GO analysis and KEGG pathway analysis
The GO defines concepts/classes used to describe gene function, and relationships including three aspects molecular function, biological process and cellular component. In this study the GO term analysis indicates that the most enriched GO terms targeted by mRNAs co-expressed with lncRNAs were organic acid metabolic process (ontology: biological process, GO:006082), catalytic activity (ontology: molecular function, GO:0003824), and extracellular vesicular exosome (ontology: cellular component, GO:0070062) (Fig. 5) . Figure 5 -The 40 most significant GO terms for differences in co-expressed lncRNA genes in I/R animals and controls. GO enrichment analysis provided a controlled vocabulary to describe co-expressed genes of differentially expressed lncRNAs. The ontology covered three domains: biological process (blue), cellular component (red), and molecular function (green).
Furthermore, we applied the KEGG tool to explore pathway maps on the molecular interaction, reaction and relation networks .the results indicated that mRNAs co-expressed with lncRNAs were involved in the regulation of glycine, serine, and threonine metabolism; TNF signaling pathway; AGE-RAGE signaling pathway in diabetic complications; cytokinecytokine receptor interaction; ECM-receptor interaction; PI3K-Akt signaling pathway; and others. The 40 most significant KEGG pathways are listed in Figure 6 . 
lncRNA-mRNA CNC network analysis
LncRNA is involved in the occurrence and development of I/R, but lncRNA mainly play functions by regulating the expression of mRNA, so we further analyzed the CNC network of lncRNA and mRNA. The 5 differentially expressed lncRNAs that were validated by qRT-PCR (uc007 mos.1, ENSMUST00000147219, E N S M U S T 0 0 0 0 0 1 2 4 5 7 2 , ENSMUST00000145410, and NR_040589) with 203 interacting mRNAs were used to construct the co-expression network. This co-expression network was consisted of 208 nodes and 333 connections, of which 89 were negative and 244 were positive interactions. The resulting network revealed that uc007 mos.1 is correlated with 119 mRNAs, ENSMUST00000147219 is correlated with 54 mRNAs, ENSMUST00000124572 is correlated with 22 mRNAs, ENSMUST00000145410 is correlated with 81 mRNAs, and NR_040589 is correlated with 57 mRNAs (Fig. 7) . GO and KEGG analyses based on the results of the co-expression network were performed. According to the enrichment score level, the result showed that the targeted mRNA was focused on the organic acid metabolic process (ontology: biological process, GO:0004930), oxidoreductase activity (ontology: molecular function, GO:0016491), and extracellular exosome (ontology: cellular component, GO:0070062) (Fig. 8a) .
In addition, most genes predicted by KEGG analysis were involved with glycine, serine, and threonine metabolism (pathway ID: mmu00260) (Fig. 8b) . These results show that randomly selected lncRNA samples are very representative. 
■ Discussion
lncRNAs encompass a large and diverse class of transcribed RNA molecules that are longer than 200 nucleotides and do not encode proteins 6 . In recent years, more and more studies have shown that 1ncRNA participate in the occurrence and development of many diseases through a variety of mechanisms. lncRNAs contain complementary binding sites to micro RNAs (miRNAs) and serve as endogenous miRNA sponges, forming an lncRNA-miRNA axis to regulate cell processes, such as apoptosis, necrosis, and autophagy. lncRNAs can be categorized as sense, antisense, bidirectional, intronic, or intergenic, depending on their position with regard to protein coding genes 7, 8 . LncRNAs interact with components of the cellular machinery, including protein, DNA, RNA and chromatin remodelling complexes, to regulate the expression of target genes.
Recent discoveries suggest that lncRNAs participate in renal processes and play pathogenic roles in kidney diseases [9] [10] [11] . Animal studies have linked lncRNAs to diabetic nephropathy, glomerular disease, acute renal allograft rejection, renal cell carcinoma, acute kidney injury, and hypertension. The regulation of lncRNAs expression will become novel targets for the treatment of kidney diseases 4, 6, 12 . Although the role of non-coding RNA in renal ischemia reperfusion has been reported 13 , we tried to use a longer time model of thermal ischemia reperfusion (ischemia time 45 min), which may lead to cell necrosis and inflammation and get the different resuls. We explored whole transcriptome profiles in a mouse model of I/R using microarray analysis and bioinformatics analysis. The results of serum creatine levels and HE pathological staining verified the reliability of the I/R model (Fig. 1) . By microarray analysis, it has been identified 2267 significantly dysregulated lncRNAs in the I/R group, as well as 2341 significantly deregulated mRNAs in the I/R mouse (Figs. 2 and 3 ). These data provide the groundwork for a comprehensive analysis of potential lncRNAs involved in I/R.
Many studies have demonstrated that lncRNAs play an important role in AKI and other kidney diseases 3, 7, 14 . In the mouse model of renal I/R injury model, significant RANTES expression was observed in the renal tubular cells of wild type mice. RANTES-deficient mice showed improved renal function with reduced acute tubular necrosis, serum Cr levels, infiltration of inflammatory cells, and cytokine expression compared with the wild type mice 15 .
The four specific target genes-ankyrin repeat and SOCS box 3, cation transport regulator homolog 2, peroxisomal membrane protein 11B, and trans-acting transcription factor 5 had been identified as being similarly associated with differentially expressed lncRNAs to regulate blood pressure and kidney disease 16 .
In addition, we identified several of the dysregulated lncRNAs and mRNAs, based on qRT-PCR validation, and the results confirmed the microarray analysis findings to some extent (Fig. 4) .
Recent studies have implicated lncRNAs can become potential biomarkers for related diseases in remodeling and dysfunction after I/R
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. Thus, circulating or urinary lncRNAs may be fascinating novel biomarkers, which noninvasively reflect intra nuclear processes. And the lncRNA (e.g.AK139328 and lncRNA-PRINS) in the pathogenesis of I/R may therefore be markers of intracellular processes than currently established conventional biomarkers 11, 18 . lncRNAs are strongly altered in the urine of patients with acute rejection, and urinary RP11-354P17.15-001 may serve as a novel biomarker of acute kidney rejection and predict loss of kidney function 19 . Plasma levels of circulating lncRNAs (TapSAKI, also known as MGAT3-AS1), could predict survival in patients with dialysis-dependent AKI. Arid2-IR is a novel lncRNA that functions to promote NF-κB-dependent renal inflammation 20, 21 . lncRNA-H19 expression was significantly upregulated in TGF-β2-induced HK-2 cell fibrosis and unilateral ureteral obstruction-induced renal fibrosis in vivo
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. Furthermore, to explore the potential functions of the differentially expressed lncRNAs identified in this study, GO and KEGG pathway analysis were performed using coding genes associated with significantly differentially expressed lncRNAs. GO analysis revealed that these lncRNAs are involved in biological processes such as organic acid metabolic process, catalytic activity, and extracellular vesicular exosome. KEGG pathway analysis indicated the enrichment of multiple pathways including glycine, serine, and threonine metabolism; cytokine-cytokine receptor interaction and PI3K/Akt signaling pathway (Figs. 5 and 6) . These results are consistent with previous studies of renal I/R. lncRNAs could serve as sponges to bind to miRNAs to regulate gene expression. The interactive networks of lncRNAs that regulate mRNAs reveal the important role of lncRNA function, which has biological significance 23, 24 . The CNC network was performed to analyze the indicated lncRNA in this study, the result also showed these lncRNAs intersect multiple mRNAs and play multiple function in different pathways (Figs. 7 and 8) . lncRNAs play multiple functions in different types of kidney cells, including renal tubular cells, endothelial cell, and podocytes. Long et al. 6 reported that the lncRNA Tug1 contributes to CKD development. lncRNAs also exert the biological functions in many cellular components, such as the extracellular exosome, extracellular vesicle, and extracellular organelle 7, 25 . All these suggest the great potential of lncRNA in the occurrence and development of renal diseases.
■ Conclusions
lncRNA-mRNA expression was detected in the mouse model of kidney I/R by high-throughput microarray analysis. The expression profile showed that lncRNAs participate in several biological processes in renal I/R injury. Further research is needed to explore the potential role of lncRNAs in renal I/R injury.
■
